Submarine fan reservoir architecture and heterogeneity influence on hard-to-recover reserves. Achimov Fm A Kondratyev, V Rukavishnikov, L Shakirzyanov et al. Abstract It is commonplace in the simulation of reservoir fluid flow induced by hydrocarbon production to regard shales as barriers to flow. Whilst this appears correct for fluid exchange, this is not the case for the fluid pressure component of this process. Indeed, the authors observe that pore pressure reduction due to reservoir depletion can propagate significant distances into the shale overburden or sideburden over the production time scale. Shales may deplete their pore pressures by more than 10% of that experienced in the reservoir sand for distances of tens of metres to kilometres into the shale, depending on the production history, duration and the specific shale properties. An important factor controlling these results is heterogeneity of the shale sediments, and the pressure diffusion process can be considerably enhanced by the presence of silt laminations and streaks. These results suggest a possible risk to drillers when advancing towards the top of a depleting reservoir or when drilling a well alongside an already depleted reservoir. Our analyses conclude that pore pressure diffusion should be considered as a factor in geomechanical and fluid flow reservoir modelling, and in mud weight determination during infill drilling.
Introduction
In this study we focus on those shales that are regarded as seals or baffles in the hydrocarbon reservoir, rather than the kerogen rich gas shales that may be regarded as a producing rock (Vernik and Milovac 2011) . In the literature, there is considerably less emphasis on the properties of such shales when compared to sandstones or other lithologies, predominantly because of a lack of economic interest. Thus, from the perspective of fluid flow in the reservoir, such shales are almost invariably treated simply as impermeable objectsthis being concluded upon consideration of their fluid flow rates and recognized minimal hydrocarbon potential. As fluids usually leak through shales over geological times (unless they are fractured), in the reservoir engineering community, intact shales are recognized as effective reservoir seals or barriers, only affecting production by diverting flow by their geometric distribution (for example, Haldorsen and Lake 1984) . Indeed, in numerical simulation studies, shales are defined by assigning inactive cells in the model, despite this having the added non-physical drawback of ignoring pore pressure evolution within these shales. This viewpoint has now propagated into the newly emerging area of reservoir related geomechanics in which assessment of, for example, surface subsidence and wellbore stability is obtained by monitoring and modelling of the resultant stress changes. This information is input into the well trajectory plan and casing programme. Thus, in geomechanics, the overburden, sideburden and intra-reservoir shales are typically treated as passive components which are placed under extension or compression in response to compaction in the reservoir sands (Sayers and Schutjens 2007) . However, shales do often have a non-negligible permeability and moderate porosity of typically several percent of bulk volume but in some cases also in the range 10% to 20% of bulk volume (Neuzil 1994 , Best and Katsube 1995 , Yang and Aplin 2007 . These low permeability values prevent large-scale bulk fluid exchange with the reservoir sandstones due to the large capillary entry pressure of the shale pore network. However, shales do still pressure-equilibrate with the adjacent depleting rock mass by the process of pressure diffusion. This phenomenon permits the pressure changes to extend well beyond the sand/shale boundary of the reservoir and into the adjacent shale rock mass. As yet, the exact timescale for this mechanism, the size of the equilibration zone and the controlling factors for this process have not been adequately defined for reservoirrelated problems. This is the topic of the current study. The work is important because if pressure drop in the shale due to the diffusion effect is sizable over production time scales, then it may alter the rock stresses sufficiently to cause critical geomechanical implications such as rock failure. This phenomenon is recognized in drilling and mining science, but not currently fully recognized in operational geomechanics and in dynamic reservoir characterization. These key issues are investigated using a field example as a guide, from which the geological cross-section of figure 1 has been extracted and table 1 supplies some of the reservoir details. We consider a scenario in which the Fulmar sand is depleted, and we seek to understand whether the effects discussed above have an impact on the pressure environment (and hence stability) of future wells such as the drilling of well A into the Fulmar or Table 1 . Physical properties and reservoir conditions for the field of interest used as a basis for the analytic calculation and numerical simulation parts of our study.
Shales
Kimmeridge shale Laminated mudstone-thin streaks of silt/sand few mm thick Source rock Porosity 7 to 14% Best estimate permeability 1-10 nD High estimate permeability 10-100 nD Cromer Knoll (calcareous mudstone, marly) Porosity 1 to 6% Fluids Brine density 1.04 g cm −3
Viscosity 0.2 cP Brine compressibility 3.0 × 10 −6 psi −1
SANDS

Fulmar formation
Porosity 30% Permeability 1-10D 10% organics, 90% water Pentland Porosity 17-27% Permeability estimate 1-200 mD Fluids Gas condensate Viscosity 0.2 cP Condensate gas ratio 0.175 stb/Mscf Relative permeabilities gas-water rel perm Gas-oil rel perms, no capillary pressure considered Wet gas above dew point during production Assume dry gas/water system drilling of well B on the opposite side of the fault, isolated from the Fulmar by the Cromer Knoll and Kimmeridge sideburden. Fault properties are not considered in this current study, although these will also be important in controlling the pressure diffusion process. We examine a range of scenarios for the depleting reservoir, but in all cases we assume the reservoir and overburden/sideburden to be intact, i.e. not fractured or faulted. We will consider three stratigraphic models. The first one is that of a homogeneous sandstone reservoir and a homogeneous shale overburden/sideburden (figure 2(a)). Thus, there are two rock masses sharing a planar contact. The second stratigraphic model (figure 2(b)) is that of shales with laminations of silts, and in the third (figure 2(c)) the shale is interspersed with silts. All homogeneous rocks are considered to have isotropic mechanical and transport properties in all three stratigraphic models, however, there will be a mesoscale anisotropy in fluid flow and pressure change imposed by the silty shale. As a further simplification, in this work we do not consider the effects of poroelasticity (Wang 2000) .
Shale properties
Here we define 'shale' as a clastic sedimentary rock which is fine grained and composed of mud with a mix of silt and other minerals such as calcite and quartz. Despite a difference in definitions from the geomechanical, petrophysical, geophysical scale and geological literature (including a suggested change of name to mudstones (Potter et al 2005)), here we define a shale as fine-grained rock and with the sediments having more than 50% terrigeneous clastic components less than 0.0625 mm in size. For our purposes, we may find such shales in the reservoir, but also in the overburden and the sideburden. Most shales have low to moderate porosities (2 to 20%) but are known to possess extremely small but widely unpredictable permeabilities. It is well known at the basin evolution scale that shale seal permeability is an important parameter in controlling over-pressure (or underpressure) build up in sedimentary systems, and the consequent maintenance of present-day anomalous pressures (Best and Katsube 1995) . Indeed, typical shale permeabilities reported in the literature are in the range 1 μD to 1 nD, this being many orders of magnitude below that for coarser grained clastics . Such values of shale permeability are thought to arise from the small grain size and hence small pore throat size (5-60 nm), tortuous pore structure, unimodal pore size distribution and particular mineralogical packing, sorting and rock fabric (see, for example, Neuzil 1994) . Figure 3 gives a general qualitative comparison of the permeability for sands, silts, claystone and their intermediate rocks drawn from a range of available relevant literature. Several orders of magnitude in the range of permeabilities are possible for a single porosity value in apparently similar shale samples, as even the exact controlling mechanisms for shale permeability are not yet fully understood (Yang and Aplin 2007) . Such diversity may arise due to permeability anisotropy linked to particle alignment and material heterogeneity, fractures, internal structure and laminations of the sand, silt or clay components and shale maturity. The shale properties also depend on age, and hence the degree of diagenetic imprint can alter the clay mineralogy. For the purposes of the current study it is important to point out that although the shale permeability is very low (and hence it possesses high capillary entry pressures which inhibit fluid mobility), it is nevertheless finite and therefore can still cause pore pressure diffusion-a process which may still be faster than the physical movement of the fluid. So, although the low shale permeability inhibits large-scale fluid exchange from shale to reservoir or vice versa on a production timescale, pore pressure can still diffuse and equilibrate between the reservoir and the shale over a particular timescale. This effect can, in turn, lead to pore pressure reduction outside the reservoir zone, with implications for production and drilling, as will be shown. At the outcrop and reservoir scale, shales are believed to have more lateral continuity than sandstones, but they lack the well-known sedimentary structures that are so useful Figure 3 . General range of permeabilities reported in the literature for shales and associated rocks. Measurements are for reservoir rocks over a range of depths, diverse geographical locations and for both laminated and massive shales. Values are extracted from Best and Katsube (1995) , Howard (1991) , Katsube (2000) , and Schloemer and Krooss (1997) . 'Shales' are defined as having more than 50% of terrigeneous clastic components <0.0625 mm, and thus bracket a range of possible rocks. A more precise classification of shales is unclear as none have wide acceptance. for descriptive and predictive purposes in sandstones. The sedimentary structure of shale records the low mechanical energy environment of the offshore and deep water setting that involves mud settling from suspension (Schieber et al 1998) . These processes are diverse in nature, although horizontal stratification and parting (due to changes in composition, texture and grain fabric) are the most common of the hydraulic structures (Potter et al 1980) . Such features are observable in the outcrops (figure 4), cores, or at the small scale in the thin section or cuttings, but are not generally detectable on wireline logs. Other visible features in the internal stratigraphy of shales are defined by the organic content, density, bedding, lamination, fossils, and bioturbation (Perez 2010) . Material variations can be sufficiently large to produce seismic reflections from within the shale mass, visible on the vertical seismic section. This was shown, for example, in the Barnett shale by Slatt (2009) as due to stratigraphically controlled changes in the lithofacies stacking pattern and microfracture zones. Importantly, shales in the overburden/sideburden of a hydrocarbon reservoir are rarely homogeneous for a range of depths, and a common situation is where shales are interbedded with fine sand or silt deposits or carbonate streaks-for which a wide range of structures are found (see, for example, figure 5). Laminated shales often possess silt present in thick, laterally continuous laminae. These can act as fluid conduits, and can for example enhance gas production or promote illitization (Howard 1991) . Massive shales can have silt size particles dispersed throughout the lithology. Shales can often be interpreted by the characteristics associated with their interbedded sediments. In flow terms at the larger outcrop to reservoir scale, high permeability interbeds will assist in the pore pressure diffusion mechanism. These interbeds act as high permeability pathways for fluid flow, thus more effectively depleting the bulk rock volume in a similar way to how an open hydraulic fracture would stimulate production. For this reason, in this study we consider a sandstone reservoir bounded by shale overburden and sideburden units, containing some silts that have a relatively high permeability when compared to the shales. Anisotropy should also be considered because flow in the shales clearly varies with direction due to the horizontal arrangement of elongate particles at the smallscale or alteration of beds with different composition at the outcrop.
Figure 5. X-ray radiographic images of slabbed cores for four shale facies architectures given by Potter et al (2005) , and used as part of our modelling study. (a) Thin, irregularly inclined mudstone drapes; (b) thinly laminated, silt streaked mudstone with some bioturbation; (c) even, thinly and rhythmically interstratified and graded mudstone and siltstone; and (d) mudstone with isolated cross laminated ripples.
To address the above issues, this work calculates the physical effects of pore pressure diffusion from known analytic solutions for 1D pressure diffusion and then numerically in 3D for a simplified geological structure based on a real field case. In the 1D analytical models, we assume diffusion along the maximum flow direction and utilize only isotropic solutions.
In the numerical models, we assume anisotropic permeability. The petrophysical properties of the shale are unknown in the sense that no dedicated laboratory experiments have been performed to measure the shale permeability or its anisotropy. As this is a feasibility study, we took wireline log data and in-house databases to define ranges of rock properties that capture the shale under investigation. The analytic calculations estimate the time taken for a single isotropic shale layer to equilibrate (under uniform lateral depletion) and also for pressure to diffuse from a reservoir into an infinitely thick sideburden or overburden. Known analytic solutions provide estimates for these processes, whilst the numerical modelling for a range of scenarios ensures physical correctness and explores a variety of homogeneous and heterogeneous anisotropic shale models to determine what to expect from pore pressure diffusion in simplified geological models shown in figures 2(a)-(c).
Estimates of pore pressure diffusion from 1D analytic models
We are interested in obtaining an understanding of the effects of pore pressure diffusion, driven by production-induced pore pressure changes in the reservoir, into overburden and sideburden shales. In order to evaluate its likely overall significance, we consider reservoir depletion as inducing the pressure gradient necessary to initiate this phenomenon. This pressure gradient is considered to be uniform and perpendicular to the reservoir sand/shale interface, and is also perpendicular to the axis of symmetry of the shale anisotropy (maximum flow direction). We obtain results based on established 1D analytic solutions to the pressure diffusion equation (see, for example, the catalogue by Thambynayagan 2011). For a more rigorous approach, one should use the full 3D pore pressure diffusion with second-order tensorial properties for permeability as mentioned in Shapiro (2000) . In this paper, we use the simplified geological models shown in figures 2(a)-(c) to gain an understanding of pore pressure diffusion. In this problem, we assume no poro-elastic coupling (Wang 2000) and no fluid transfer of the fluid into, or out of, the sideburden. Two scenarios are envisaged. In the first, the reservoir sands deplete either a homogeneous (massive) shale in the overburden or sideburden-we will refer to this as the semi-infinite model (figure 6(a)). In the second, a shale sideburden with silt laminations and streaks (this could also be an overburden) is considered which provides fast horizontal permeability pathways through silt layers. Pressure is quickly established in the silt, and the resultant vertical gradient across the intervening shale helps to drive the equilibration process at a faster rate. This mechanism of vertical pore pressure diffusion will be referred to as the single layer model (figure 6(b) ). This second scenario might also represent intra-reservoir shale or interbedded shale.
Pore pressure diffusion: the basics
The shale pore pressure equilibration process, whilst much slower than that in the sands, may still be within the time scale of most production activities. In order to make some predictions about the depth of penetration of a pore pressure drop in the shale and the time scale over which it acts, we firstly consider selected analytic solutions to the 1D pressure diffusion equation. Assuming application to a homogeneous porous media containing one or more slightly compressible fluid phases, the equation to be solved is (Crank 1956 )
where P is the pore pressure, t and x the time and spatial coordinate respectively (x may be the horizontal coordinate for the sideburden or the vertical coordinate for diffusion into the overburden). The diffusivity coefficient D = λ/φc t accounts for the total (volume-weighted) compressibility of the formation and fluids c t (sum of the rock compressibility c f and fluid compressibility c w ), the effective porosity φ, and finally the total fluid mobility λ (see Dake 1978) . This specific form of equation (1) assumes that the diffusivity coefficient does not vary spatially. The mobility λ is given by kk r /μ-where k is the absolute shale permeability (hereafter referred to as 'permeability'), k r the relative permeability and μ the fluid viscosity, and the total mobility is the summation of these quantities for all of the fluid phases present in the rock. For the shales in the present work, it is assumed that the pore space is 100% saturated with pure water. The diffusivity coefficient D is thus assumed to be constant with production, as there are no changes in the fluid composition of the shales and negligible changes in its porosity (we assume here that the hydrocarbon reservoir and the sideburden under consideration does not compact significantly). For the purposes of this work we will consider solutions to (1) for the two cases of interest in figure 6.
Instantaneous depletion, semi-infinite medium
Consider a homogeneous sand-filled reservoir terminating abruptly due to structure at a thick shale sideburden (figure 6(a)). Instantaneous depletion is induced at the well due to production and a pore pressure change P is quickly established in the high permeability sands over only a few hours (assuming a compartmentalized sand surrounded by shales). A pressure difference is established across the sandshale boundary, and after some time the part of the shale closest to the boundary starts to drop its pore pressure due to pressure diffusion. This can be viewed as the semi-infinite medium problem and is solved here using the 1D pressure diffusivity equation in (1) applied along the horizontal x-axis. The solution for the lateral pressure profile P sh (x, t ) in the shale is obtained by applying the boundary conditions: P sh (0, t ) = P sai for t = 0, and P sh (0, t ) = P sai + P for t > 0, where x = 0 is the position of the sand-shale boundary. There is an initial condition in the shale P sh (x, 0) = P sai for all x, as the shale and sand are assumed to have already been equilibrated over geological time. The solution to the above 1D model for pore pressure diffusion can be readily obtained using Laplace transforms (Crank 1956 ), and these yield
where erf is the standard error function, which is tabulated (for example, Beyer (1987) ). The evolution of the pore fluid pressure in time is conceptually shown in figure 6(a). Over time, the pressure depletion P in the sand is transferred to the shale, however the degree of depletion decreases into the shales away from the sand-shale boundary. The lateral distance (diffusion depth) x = X (in metres) into the shale, at which the pressure depletion falls by 10% of the pressure change in the sand is given by
where t = T is the elapsed time in days, φ is the fractional shale porosity. The diffusivity coefficient, D, is replaced by individual rock and fluid properties (D = λ/φc t μ). X is in metres, when the permeability k is in mD, the viscosity μ in cP, and the total compressibility c t in MPa . This relation provides a 'penetration distance' which serves as a rough guide of the extent of the pore pressure diffusion effect in the shale. So, we look at the penetration distance into the shale where, after a given period of time following instantaneous pore pressure reduction (depletion) in the reservoir sands, the pore pressure in the shale has reduced by 10% of the pore pressure reduction in the reservoir sandstone. For example, if the instantaneous depletion in the sands is 30 MPa, we calculate the distance from the sand-shale interface where the pore pressure in the shale is 27 MPa as a function of duration after the instantaneous depletion in the sand. Equation (2) is similar to the cylindrical coordinate solution used by the well test community to determine the radius of investigation of a well (Dake 2001) . Table 2 . Estimates of the 'penetration distance' X of reservoir depletion effects into a neighbouring shale as a function of elapsed production time T. The penetration distance is defined as the point at which the shale depletion is 10% of that in the reservoir sand. Estimates are based on the semi-infinite, analytic solutions (2) for instantaneous sand depletion. Shale permeability k; viscosity μ w ; rock compressibility c f ; water compressibility c w ; and shale porosity φ. The shale is assumed to be 100% saturated with water. D is the diffusivity constant. Table 3 . The effect of pressure diffusion on a shale of thickness L sandwiched between two depleted silt layers. Diffusion times T are estimated using the harmonic analytic solution of (4). Pressure depletion in the shale is considered complete at a time T when its pressure is within 10% of the depletion pressure in the silt. The fluid and rock properties for these calculations are identical to that of table 2. Shale thicknesses are typical of most depositional environments . 
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Instantaneous depletion, single shale layer
Consider now a single homogeneous shale bed of thickness L sandwiched between two silt layers ( figure 6(b) ). Assume that near-instantaneous depletion is induced in the silts due to production and connection to the reservoir sands. After this, a vertical gradient is then established across the top and base of the shale, which in turn drives the pressure equilibration process that occurs in the shale due to its finite permeability. The pressure diffusivity equation is now applied to the vertical (z) pressure profile P sh (z, t ) in the shale, and defined between z = 0 (base of shale) and z = L (top of shale), and for all t > 0. The equation is solved subject to a number of boundary conditions. Firstly, the initial pressure inside the shale is uniform and equal to that of the silt:
Secondly, compared to the timescale of equilibration in the shale, the pressure in the silt is assumed to instantaneously deplete from P sai to P sai + P in response to production, this giving a periodic condition at the top and base of the shale: P sh (0, t ) = P sai + P and P sh (L, t ) = P sai + P for all t > 0 and repeated every L. Solution of this problem using the method of separation of variables leads to a formulation for the pressure in the shale as a series of damped sinusoids (Crank 1956 )
where b n = 4/(2n + 1)π . The shale pressure decays exponentially as a function of time and the rate of decay depends on the value of the diffusivity coefficient and also the inverse of the shale thickness squared. At later times the fundamental mode (n = 0 term) dominates and the behaviour of this mode may be used to estimate the depletion time MacBeth 2010, MacBeth et al 2011) . The time at which the maximum amplitude of this mode decays to 10% of the silt depletion is given by
where L is in metres and the other quantities have the same units as in (3). Note that the maximum amplitude occurs in the centre of the shale, see figure 6 (b). The time to equilibrate is thus, as expected, quick for thin, high permeable shales or a high permeability (low D). The estimates of T from this formula are given in table 3. Tables 2 and 3 provide estimates for the speed of the pressure equilibration process between the depleting reservoir sands and the surrounding shales for typical reservoir rock and fluid parameters assigned for the North Sea. The results are given for the wide range of absolute shale permeabilities from 1 mD to 1 nD suggested from laboratory tests on shale core taken at depths of 3 to 5 km (Horsrud 2001) . Our model results show that, after 3 months of production, the effect of pore pressure diffusion may penetrate up to 1022 m into the semi-infinite shale under a relatively high permeability of 1 mD, whilst for 1 nD shales this reduces to only 1 m. The distance over which the pressure disturbance can be felt scales as the square root of the production time and as the inverse of permeability. Thus, after a production of up to 30 years these figures increase to 10 223 m and only 10 m for 1 nD shales. The above results indicate that shale heterogeneity should play a critical role in determining the overall impact of pore pressure diffusion. Further, if the shale contains silt laminations, sand layers or horizontal fractures, these may enhance the horizontal permeability or significantly increase the penetration distance of the pressure change. (Note here that our results are valid for the problem of a sideburden, and can be considered only as an upper limit for the overburden due to its overall vertical permeability being lower than the horizontal permeability which controls pore pressure diffusion in the geometry shown in figure 6(a) .) This is due not only to the enhancement of the effective permeability via the conventional arithmetic average, but also the additional mechanism of vertical equilibration of the shale layers according to the single layer mechanism given by (6). Compared to the lateral pore pressure diffusion into the shale (shown in figure 6 (a)) the vertical equilibration of the shale layers (shown in figure 6 (b)) is dramatically faster, and has a higher diffusion rate than the semi-infinite solutionfor example, a 1 m, 1 nD layer can equilibrate in 89 days (less than 3 months). Thus, composite shale-silt units, one with the silt distributed thinly and one with the same amount of silt within only a few thick layers, will respond quite differently. Ultimate control of this phenomenon is strongly dependent on the petrophysical properties of the shales and their internal sedimentary architecture. As it is unlikely for the large volumes of shale that surround the reservoir to be completely homogeneous, the upper limit of 1 mD on the permeability appears reasonable and thus depletion effects felt up to kilometres from the reservoir cannot be ruled out over production time.
Pore pressure diffusion predictions
3D numerical modelling of pore pressure diffusion
The results of the previous section helped to better understand the pore pressure diffusion in shale, but cannot cover the complexities of the production mechanisms or more realistic lithology. Numerical simulation of the fluid flow processes can help in this respect. In addition to the internal heterogeneity and anisotropy of the shale, numerical models can take into account: (1) the full two phase flow (in this case gas and brine); (2) a realistic history of produced volumes and their associated pressure drop; and (3) the full 3D evolution of the pressure field from the cylindrical borehole. To examine these, we use data from gas-condensate field X. This reservoir lies at a depth of 5200 m (16 000 ft) TVDSS (true vertical depth subsea), at an initial pressure of 15 300 psig (105.5 MPa) and temperature of 380
• F (185 • C). A black oil flow simulation model is built for this reservoir which consists of a sand reservoir containing a single producer and a shale sideburden-this is a replica of the simplified-geology geometry in figure 1. In contrast to conventional fluid-flow simulations, the cells representing the shale are all fully active during the simulation. The model is built in 2D (vertical and horizontal), covering a total size of 900 ft (274 m) in the horizontal dimension and 430 ft (131 m) vertically, with a vertical sand-shale boundary in the centre (note that reservoir-compaction-induced changes in total stress are not modelled here). The grid cell dimensions are 10 ft × 10 ft (3 m × 3 m), and extend into the third (un-simulated) dimension by 150 ft (46 m). The well volumes are designed to closely follow the production profile measured in field X, and are set such that the pressure decreases by 8600 psi (59 MPa) over nine years of production. The pore pressure change is modelled by two linear segments ( figure 7(a) ) because the reservoir produces gas for three years and then is shut-in. There are two fluid phases in the reservoir: gas and water. Phase change behaviour from gas to a condensate is not modelled as the reservoir pressure is always kept above dew point. The reservoir is assigned a permeability of 1D and porosity of 30% in order to reproduce the observed pressure depletion at the well.
Homogenous and isotropic model
Before we simulate the true depletion model of field X, simulations are performed for a linear pressure depletion due to production. This is done as a cross-check against the estimates from the analytic solutions (analytic solutions for linear pressure depletion are given by Thambynayagam 2011). It is found that the resultant pressure profiles agree favourably with those predicted using the equations in this publication ( figure 7(b) ). Errors between the predictions are less than 5% on average. This lends support to the use of single phase, 1D analytical solutions as a quick-look guide for depletion analysis. Next, different combinations of shale permeability (1-100 nD) and porosity (10-13%) are selected to examine the range of penetration depths for the pressure diffusion effect after two and ten years of instantaneous pore pressure drop. These model results are shown in figures 8(a) and (b), respectively and indicate that after ten years of production, most pressure drops can be detected (defined as exhibiting a pressure drop of more than 10% of that in the reservoir) at up to 40 m into the shale (occasionally up to 105 m), whereas for two years of production this is about 18 m (occasionally up to 40 m).
Heterogeneous and anisotropic model
Next we consider the sideburden to be composed of silty shale and examine the effect of vertical variations in porosity and permeability caused by silt streaks of different thickness and distribution embedded in the shale ( figure 2(c) ). These act as high permeability conduits and allow the fast diffusion of pressure horizontally, but also permit equilibration of the shale vertically, albeit at a faster rate. Thus the composite shale body has an anisotropic permeability (note that this phenomenon is proposed here in addition to the known intrinsic anisotropy of the shale itself which is not considered in this study). Several model scenarios are considered in which the thickness, number and spacing of the intra-shale silt layers is varied. Silt thicknesses are varied from 3 to 6 m, and shale thicknesses from 4 to 7 m, assigned in such a way as to make up a fixed thickness (20 m) of the reservoir package (figure 9). Various numbers of silt layers are also embedded in the shale. The models are created in such a way that there are several different layer configurations defined for a common silt proportion. For the purposes of the modelling exercise, the silt is assigned a fixed permeability of 1 Darcy and a porosity of 30% of bulk volume respectively, the shale background is 1 μD, 1 nD, 10 nD and 100 nD, and the shale has a porosity of 10% of bulk volume. The silts and shales are assigned isotropic flow properties. Next, a porosity and isotropic permeability are assigned from the mean values shown in table 4. To quantitatively examine the impact of the silt or facies distributions on the pressure diffusion mechanism, for each modelling result the mean pressure drop is evaluated across a vertical boundary positioned 50 m into the shale after an elapsed time of five years. The pore pressure drop (PPD) is measured by an index defined as PPD = log 10 P res − P sh P res (6) where P res is the pressure drop in the (sand) reservoir and P sh the drop in the shale at the reference location. This Table 4 . Definition of the six shale facies considered in this study, and their corresponding porosity, vertical permeability (Kv) and horizontal permeability ( Figure 8 . Distribution of analytically derived penetration distances for pressure diffusion into a homogeneous shale sideburden, for a randomly selected range of background permeability and porosity, after: (a) two years; (b) ten years. Penetration distance is defined as the point at which the pressure change reduces to 10% of that in the sand. The red curve corresponds to the cumulative frequency, the penetration depth corresponding to 50% of the cases in the population is marked for reference. particular penetration distance by a factor of 5. Changing the permeability from 1 to 100 nD doubles the pressure drop. Thus, pressure drops at 50 m become significant (beyond 10% of that in the reservoir) as the percentage of silt increases.
To further study the impact of heterogeneity on the pore pressure diffusion process, geo-modelling is carried out using the model above, but with shale properties assigned stochastically, as schematically shown in figure 2(c) . The density/neutron cross-plots in figure 11(a) and wireline logs in figure 11(b) show an example of the expected mesoscale heterogeneity, in which several sand/shale facies can be defined. Here, a vertical well penetrates a 120 m thick shale sideburden in the field of interest. Density, neutron, sonic and gamma logs classify the section into several distinct facies: shaly sand, sandy shale, shale and sand layers and suggests that such variations should be taken into account. This facies variability would lead to what may be defined from the logs as a single shale unit. Here, this heterogeneity is captured by upscaling the information from the shale core photographs of figure 5, which shows four different shale facies with different degrees of (measurable) silt, sand and shale volume, lateral connectivity and sedimentary expression. For the purpose of this work, a sand porosity of 30% and a 1 Darcy permeability, silt porosity of 15% and permeability of 5 μD, and finally a fixed background shale porosity of 10% and permeability of 10 nD are assigned. From these rock properties it is possible to calculate the upscaled porosity and the upscaled horizontal and vertical permeability. What is needed for this upscaling calculation is the approximate volumetric proportions of the sediments, assuming only horizontal laminations are present within each reservoir cell. The results of this calculation are given in table 4 for the six facies, the four defined in figure 5 together with the two end-members of pure sand and shale. In the computation of the mixed facies, the effect of bioturbation is taken into account by assuming the burrow fills are composed of silt (Tonkin et al 2010) . A model is then built which distributes the individual facies elements unconditionally and stochastically according to a uniform and then triangular spatial distribution. The facies are inserted into a shale background using object-based modelling as implemented by Petrel TM . The thickness ranges from 1 to 2.5 m, with a mean of 1.5 m. The horizontal dimensions range from only 100 m lengths to the length of the entire model as a single horizontal layer. For each realization, facies 1, 2 ,4 and 5 in table 4 are generated in equal volumetric proportion, such that the total percentage ranges from 5 to 30% of the total shale volume. A typical set of realizations are shown in figure 12 . In the flow modelling all cells were active, and the pressure diffusion in the shales was considered as part of the reservoir (HajNasser and MacBeth 2011).
Figure 10(a) shows the result for different percentages of silt, showing that the PPD-index increases with increasing amount of silt in the model. The results again indicate the expected trend of increasing pressure drop with an increasing proportion of silt, as horizontal diffusion along these silt layers according to (4) is the primary mechanism for diffusion. In the deterministic modelling, the effect of the internal depositional character on the pressure drop is also considered by separating the volumetric fraction of silt into a number of thinner layers with the same volumetric proportion. As the time constant for the diffusion mechanism is inversely proportional to the square of the thickness, the thinner silts tend to equilibrate much more quickly than the thicker ones, but have less impact on the overall vertical pressure average. Thus, in addition to the horizontal diffusion mechanism there is also a separate cross-flow mechanism acting vertically across the layers which tends to speed up the horizontal pressure diffusion. Some model results from the stochastic modelling (figure 12), based on the stratigraphic model shown in figure 2(c) , are also shown in figure 10(a) . These model results show that, at a given percentage of silt, the results of the stochastic models indicate a higher PPD-index (i.e. a deeper penetration of reservoir depletion induced pore pressure change in the shales) than observed in the results of the deterministic models. We think this points to the importance of the contacts and overlap between the high-permeability silt layers in the stochastic models compared to the deterministic models (where the silts are always separated by a finite amount of shale, see figure 6(b)). With the subsurface generally being better represented by stochastic models than by deterministic ones, this difference may indicate that pore pressure diffusion may even be more important (widespread) than predicted by our deterministic models. More work is ongoing to increase our insight into the influence of detailed stratigraphy on pore pressure diffusion. The stronger PPD effects suggest that the interconnectivities between the distribution of silt layers is an important factor in enhancing the overall pressure drop. The horizontal distribution of the connected silt plays a significant role in lateral pressure diffusion, particularly if it is in pressure communication with the well. The silt proportion does not have to be large to provide this enhancement, but it does need to exhibit strong connectivity. Again, this emphasizes the strong control of the sedimentary architecture and the need for geological characterization of the sideburden. Finally, it is known that cross-flow is affected by the anisotropic permeability of the background shale. This downweights the vertical diffusion mechanism. These effects are observed in figure 10(b), which plots PPD for a 100 and 1 nD background shale, with 15% silt volume. As the layering increases, so too does the pressure drop, although the impact is stronger for the higher permeability shales. Kv/Kh (ratio of vertical to horizontal permeability) is also observed to make a significant difference to the pore pressure diffusion results. At a given number of layers, an increasing ratio of Kv/Kh will increase PPD by several factors. This permeability anisotropy effect is stronger with increasing amount of silt layers.
Discussion and conclusions
The results above indicate that pressure diffusion into a shale overburden or sideburden surrounding a depleting hydrocarbon reservoir can be significant over production time scales from several years to several tens of years. Our current analytic and numerical studies suggest that for shale formations with permeabilities in the range 1 mD to 1 nD, pressure depletes by 10% of that in the reservoir within kilometres to tens of metres of a reservoir sand/shale interface, within a period of 5 years. However the impact of the internal sedimentological character of the shale should not be underestimated. Heterogeneities such as silt layers can considerably enhance the pore pressure diffusion effects. As the percentage of silt is usually unknown, it is hard in practice to quantify the impact of this on the overall shale properties. The results of this study suggest the sideburden may be particularly affected by pore pressure diffusion, and the overburden also to a slightly lesser degree. Pressure diffusion can impact on our understanding of the risk involved in drilling a new infill well, particularly as the trajectory approaches the shales close to the reservoir, where PPD may have occurred. Indeed, in most situations when drilling a new well it is believed that the shale formation remains at the initial (pre-production) pressure while the sands reduce in pressure. The understanding is that the mud-weight should be kept high above the initial collapse limit. However, if the regions of the shale formation deplete significantly within the time scale of production, then in these zones the fracture gradient (defined by the minimum horizontal stress) will also have been reduced. Drilling with the initial fixed mud-weight may therefore lead to mud losses, formation damage, and an increased risk of well failure, particularly in high risk HPHT environments when there is very little margin for error. The effect of pore pressure diffusion is relatively unfamiliar to the current field of study, but has been recognized and utilized elsewhere. For example, in the field of drilling and completion, diffusion of a pressure overbalance into surrounding shales is considered to be one of the major failure mechanisms of the wellbore (Bol et al 1994) . Shales give rise to a reduced mudcake, and hence pressure equilibration can occur quickly over time after initially drilling the hole. This overbalance propagates into the formation until the stress path (defined, for example, by the trajectory of the deviatoric to mean effective stress) intersects the Mohr-Coulomb failure envelope and shear failure occurs. To stop this occurring, a plugging agent is required to reduce the permeability at the wellbore surface, this reducing the pressure propagation problem and creating more stability at a much lower overbalance. Another example is in mining engineering, where the pore pressure diffusion process is considered a necessity in engineering calculations to ensure stresses are properly taken into account (Wong 1996) . In this case diffusion has a pronounced influence as the time scales considered are long.
Unfortunately, in the current field of study (geosciences) there is inadequate calibration of the petrophysical, mechanical and transport properties of the shale formation, and its internal architecture. To obtain precise permeability values for reservoir shales and for the over/side/underburden shales is problematic due to the lack of reliable core data and measurement techniques. The costs to get accurate and representative laboratory measurements are high, as deformation and fluid-flow experiments on shale take a long time (weeks to months). In fact, since several orders of magnitude in range of shale permeability are possible for a single porosity value in apparently similar samples, even the exact controlling mechanisms for shale permeability are not yet fully understood (Yang and Aplin 2007) . Such diversity may arise due to permeability anisotropy linked to particle alignment and material heterogeneity, fractures, internal structure and laminations of the sand, silt or clay components and shale maturity. Hence, for the purposes of this current study a broad range of permeability and its anisotropy has been considered. Also, the internal structure, whilst known to possess many heterogeneities as in the examples of this paper, needs a careful field specific study to pin down the individual properties-this suggests more careful use of laboratory and outcrop measurements. A careful evaluation of shales in the overburden and sideburden in depleting reservoirs needs to be developed. Sideburden effects may be particularly important in the flanks of reservoirs (for example, McInally et al (2001) ). What is required is a reservoir-specific collection and evaluation of shales for the producing field. It is possible that methods such as 4D seismic might allow the diffusion effects to be monitored (HajNasser and MacBeth 2011), limits on the shale properties to be determined, and these properties to be factored into planning of infill drilling operations. In addition to the above, the treatment of poroelasticity and full intrinsic anisotropy of the shales may also prove of value in further quantifying the impact of reservoir-related shales on production.
